Highlights d Phase separation of FUS requires both the N-terminal PLD and the C-terminal RBD 
In Brief
The phase-separation behavior of FUS family proteins can be predicted by the prevalence and position of specific amino acids.
INTRODUCTION
The cellular environment includes numerous membraneless compartments that form and dissolve in response to a wide range of cellular signals (Banani et al., 2017; Hyman and Brangwynne, 2011; Shin and Brangwynne, 2017) . Many of these compartments appear to form via intracellular phase transition (Bergeron-Sandoval et al., 2016; Brangwynne et al., 2009; Feric et al., 2016; Hyman et al., 2014) . These membraneless compartments have been termed biomolecular condensates, because their material properties resemble those of liquids, gels, or solids (Banani et al., 2017; Shin and Brangwynne, 2017) . The protein components of condensates have been classified as either scaffolds, which have been defined as the proteins that drive reversible condensate formation, or clients, which are defined as proteins that preferentially partition into condensates (Banani et al., 2016 (Banani et al., , 2017 .
The macromolecular composition of condensates is specific. This implies that a cell can trigger phase separation of specific proteins and that only certain clients partition into these condensates, whereas others are kept out (Banani et al., 2016; Feric et al., 2016; Zhang et al., 2015) . Furthermore, for certain condensates, the material properties can change after phase separation, and distinct material properties have been linked to distinct functions and pathologies (Franzmann et al., 2018; Kwon et al., 2013; Molliex et al., 2015; Patel et al., 2015; Riback et al., 2017; Woodruff et al., 2017) . However, we do not fully understand which amino acids govern the threshold concentration of phase separation, the material properties of the formed condensates, or the partitioning of client proteins into condensates. This limits our ability to make targeted mutations that perturb specific aspects of protein phase separation. For this reason, it has been difficult to link the specific properties of condensates to their biological function.
Here, we investigate the phase separation properties of a class of intrinsically disordered scaffold proteins that we refer to as ''FUS family proteins,'' because they share similar domain structures, and the first described member of this family was Fused in Sarcoma, or FUS (Crozat et al., 1993; King et al., 2012) . There are about 30 FUS family proteins in the human genome (King et al., 2012) . These include FET proteins (FUS and the related proteins EWSR1 and TAF15), TDP-43, and hnRNPA1 (Burke et al., 2015; Molliex et al., 2015; Patel et al., 2015) . Aberrant phase transitions of many FUS family proteins have been associated with the onset of age-related neurodegenerative diseases (Lin et al., 2015; Molliex et al., 2015; Patel et al., 2015) .
The amino acid sequences of FUS family proteins can be divided into two modules: a low sequence complexity domain also known as a prion-like domain (PLD), because of its association with the formation of prions in yeast (King et al., 2012) , and a domain that binds RNA (RNA-binding domain, or RBD). The PLDs of FUS family proteins are intrinsically disordered and have low complexity (Malinovska et al., 2013) . Low complexity means that they contain a small subset of amino acids including polar residues, such as glycine, glutamine, and serine, as well as aromatic residues, generally tyrosine (Alberti et al., 2009; Kato et al., 2012; Malinovska et al., 2015) . The RBDs comprise one or more folded RNA recognition modules (RNA recognition motif, RRM), but they also carry regions of significant intrinsic disorder. The intrinsically disordered regions in RBDs are typically enriched in glycine and positively charged residues, such as arginine. In vitro, some PLDs will drive condensate formation as autonomous units (Burke et al., 2015; Han et al., 2012; Lin et al., 2015; Molliex et al., 2015) . As a result, there has been a focus on PLDs as the main determinants of phase transitions in cells. Despite the fact that FUS family proteins contain PLDs and RBDs, we do not understand the synergy between these different domains in driving phase separation. More generally, we do not fully understand the sequence-intrinsic features that drive phase separation or control material properties of condensates of FUS family proteins.
RESULTS
We successfully cloned and expressed 22 members of the FUS family ( Figures 1A and 1B ) (see Table S1 and Table S6 for all 76 proteins expressed as part of this study) and performed phase (B) SDS-PAGE of the 22 FUS family proteins tagged with His-MBP and GFP. These proteins were only used in the assays in Figure S1A . The His-MBP tag was cleaved off before the phase separation experiments. (C) Phase separation of FUS family proteins at the physiological salt concentration. Unless specifically mentioned, all the proteins used in this study were tagged with GFP or SNAP alone. Phase separation was induced by reducing the salt concentration from 500 to 150 mM through dilution. Scale bar, 5 mm. (D) Phase separation quantified by the relative amount of condensed protein versus the protein concentration. For the definition of the relative amount of condensed protein, see the STAR Methods. Images from (C) were used for the quantification. The saturation concentration is indicated by a red arrow. All data are expressed as the mean ± SD. See also Figure S1 and Tables S1, S2, and S6. separation assays at physiological salt conditions at a protein concentration of 5 mM. In most cases, this concentration lies above the physiological concentration in HeLa cells Patel et al., 2015) of these proteins (Table S2) . We were able to drive phase separation of most FUS family proteins either by increasing protein concentration ( Figures 1C and 1D ) or by adding dextran, which is a molecular crowding agent (Figure S1A ). However, only FUS, EWSR1, and TAF15, which constitute the FET family , showed robust phase separation in the absence of crowding agents at a protein concentration of 5 mM (Figure S1A) . These data suggest that although the majority of the FUS family of proteins can phase separate, only the FET proteins possess the requisite sequence features to drive phase separation at low protein concentrations and physiologically relevant salt concentrations.
Interactions among the PLD and the RBD of FUS Drive Phase Separation
To understand the role of the PLD in driving phase separation of the FET proteins, we compared phase separation of the fulllength protein to that of the PLD alone, using FUS as a model (Figures 2A and S2A) . We used three different methods to obtain a saturation concentration of phase separation, which is defined as the threshold protein concentration that must be crossed to trigger phase separation ( Figures S1B-S1F ). In the first method, we used microscopy to measure the fluorescence intensity and determine the total protein amount inside and outside the droplets. In the second method, we measured the turbidity of the solution at two different wavelengths. In the third method, we used centrifugation to spin down the droplets and measure the concentration in the clarified supernatant using a spectrophotometer (for details, see the STAR Methods). All assays produced comparable results. For simplicity and speed of experimental design we settled on measuring the amount of condensed protein by fluorescence microscopy (assay 1). We also tested whether tagging with SNAP or GFP affects the saturation concentration. For full-length proteins, the effects of tags were minimal on the inferred saturation concentrations (Figures S1G-S1I). However, for some mutants, we observed up to a 2-fold difference between tagged and non-tagged proteins, although equivalent trends were preserved within tagged versus untagged proteins (Table S4) . Because of the difficulty of working with non-tagged proteins, we report results from experiments with tagged proteins.
The measured saturation concentration of full-length FUS is $2 mM in 75 mM KCl ( Figure 2B) . Surprisingly, the FUS PLD, ex- Unless specifically mentioned, all the phase separation assays in Figure 2 were conducted at 75 mM KCl. In the mixing assays, the PLD and the RBD were mixed at a ratio of 1:1. All data are expressed as the mean ± SD. pressed and purified from insect cells, does not drive phase separation as an independent module even for protein concentrations that are as high as 120 mM ( Figures 2B, 2F , and S2C). In accord with results from previous studies (Burke et al., 2015; Murray et al., 2017) , crowding agents ( Figure S2D ) or PLD concentrations above 120 mM were necessary to drive phase separation. Therefore, the saturation concentration for the PLD is almost two orders of magnitude higher than the saturation concentration for the full-length protein. The RBD alone did not phase separate. However, when the FUS PLD was mixed with the FUS RBD at a ratio of 1:1, the PLD phase separated at concentrations as low as 15 mM ( Figures 2B, S2B , and S2G). We obtained similar results for EWSR1 (Figure S2E ). This suggests that interactions among PLDs and RBDs are required in vitro to drive phase separation at physiologically relevant protein concentrations.
Tyrosine and Arginine Residues Govern the Saturation Concentration of Phase Separation
A characteristic hallmark of the FET proteins is that the PLDs are tyrosine-rich and the RBDs are arginine-rich (Figure 2A ). We performed a proteome-wide analysis to assess the frequencies of proteins with long disordered regions that also have high tyrosine and arginine contents. The results, summarized in Figure 2C , show that proteins with PLD-RBD architectures, especially the FET proteins, stand out because of their high tyrosine and arginine contents in the disordered regions (69, 80, and 109 tyrosine and arginine residues for FUS, EWSR1, and TAF15, respectively) (Table S3) . Importantly, the saturation concentrations appear to scale inversely with the number of tyrosine and arginine residues within a protein ( Figure 2C ). This suggests that collective interactions among tyrosine-and arginine-rich motifs might contribute directly to the driving forces for phase separation of FUS family proteins.
To test the role of tyrosine and arginine residues, we designed two different constructs. In one construct, we replaced all the tyrosine residues in the FUS PLD with serine residues (FUS (PLD Y/S)) Lin et al., 2017) . In the other construct, we replaced most arginine residues in the disordered region of FUS RBD with glycine residues (FUS (RBD R/G)). Both substitutions abrogated observable phase separation up to concentrations as high as 30 mM ( Figures 2D, S2F , and S2H). We further investigated this relationship by quantifying the phase behavior of chimeric constructs made between different FUS family members ( Figures 2E and S2I ). The RBD of hnRNPA1a has a low arginine content, whereas the RBD of EWSR1 has a high arginine content. As expected, the chimeric construct of the FUS PLD and EWSR1 RBD drives robust phase separation while the chimeric construct of the FUS PLD and the RBD from hnRNPA1a does not. Additional support for the importance of tyrosine-arginine interactions comes from data for the phase separation of TAF15, where we could vary the saturation concentration by varying the number of tyrosine residues . Taken together, the results in Figure 2 suggest that for FET family proteins, the number of tyrosine and arginine and the complementarity of tyrosine-arginine interactions among the PLD and RBD contribute to the saturation concentrations.
FUS, EWSR1, and TAF15 are the only FUS family proteins that phase separate at near physiological concentrations (Figure 1) . However, the majority of FUS family proteins are able to partition into preformed FUS droplets as clients even in the absence of crowding agents (Figure 2G ). The partition coefficients show a positive correlation with the numbers of tyrosine and arginine residues in these proteins (Figure 2H ). This suggests that the specificity of client partitioning is driven in part by the presence of tyrosine-and arginine-rich motifs.
The Number of Tyrosine and Arginine Residues Governs the Saturation Concentration of FUS in Cells
To further test the idea that the number of tyrosine and arginine residues governs the saturation concentration of FUS family proteins, we designed gain-of-function mutants that enriched the FUS PLD with arginine residues ( Figure 3A ). As expected, the substitution of 27 polar residues for arginine (FUS(27R)) lowered the saturation concentration by an order of magnitude ( Figures  3B-3D and S4A-S4D) . Similarly, hnRNPA1a, the short isoform of hnRNPA1, normally phase separates at roughly 100 mM (Figure 1D ), but by substituting 10 polar residues for arginine and converting 12 phenylalanine residues to tyrosine we reduced the saturation concentration to 15 mM ( Figure 3F ). This is similar to the physiological concentration ($8 mM) of hnRNPA1a (Table S2).
We then sought to test how tyrosine-arginine interactions govern the saturation concentration of FUS family proteins by studying the behavior of FUS(27R) in cells. Usually, FUS resides in the nucleus. Upon stress, it exits through the nuclear pores and forms stress granules in the cytoplasm, dependent on the protein G3BP1. However, even in unstressed cells, FUS(27R) formed constitutive condensates that do not associate with the stress granule marker G3BP1 ( Figure 3E ). This does not appear to engender a concomitant loss of function because in the presence of stress, the FUS(27R) variant colocalized with the stress granule marker G3BP1 (Figures S4E-S4G ). Taken together, these results suggest that lowering the saturation concentration of FUS bypasses the requirement for G3BP1 to form FUS condensates. We did not test the effects of increasing tyrosine valence on phase separation because increasing tyrosine number in the PLD causes the oligomerization of FUS in vitro (data not shown).
A Code of Aromatic and Positively Charged Amino Acids Can Govern Saturation Concentrations
Interactions among aromatic amino acids, such as tyrosine, and basic residues, such as arginine, can be classified as cation-p interactions (Burley and Petsko, 1988; Dougherty, 1996 Dougherty, , 2013 Gallivan and Dougherty, 1999; Nott et al., 2015) . To distinguish between generic cation-p interactions and specific contributions from tyrosine and arginine, we made three distinct variants of FUS: a tyrosine to phenylalanine variant (FUS (PLD Y/F)), an arginine to lysine variant (FUS (PLD R/K)), and a construct with both tyrosine to phenylalanine and arginine to lysine mutations (FUS (PLD Y/F RBD R/K)) ( Table S6 ). The driving forces for phase separation, quantified in terms of measured saturation concentrations, follow the order: tyrosine-arginine > tyrosine-lysine z phenylalanine-arginine > phenylalanine-lysine (Figures 4A and 4B) . This shows that the selective preference for tyrosine-arginine interactions cannot be solely due to generic cation-p interactions. Instead, the specific chemical structures of the tyrosine and the arginine side chains appear to be important determinants of the complementarity of tyrosine-arginine interactions (see the Discussion).
To test whether a similar grammar applies in vivo, we studied the assembly of FUS compartments at DNA damage sites. Previous data suggested that generation of double strand breaks using laser micro-irradiation leads to phase separation of FUS at sites of DNA damage (Aleksandrov et al., 2018; Altmeyer et al., 2015; Patel et al., 2015) . We used plasmids to express FUS (PLD Y/F) and FUS (PLD Y/S) variants in a FUS knockout line. In a complementary set of experiments, we mutated most arginine residues in the RBD, excepting those in the NLS, to lysine or glycine residues (Table S6) . In all cases, the recruitment of FUS to DNA damage sites followed the same trend as seen in vitro. The Y/F and the R/K variants showed significantly less recruitment than the wild-type (WT) protein ( Figures 4C-4F ).
Phase Separation of the PLD Alone Is Likely Driven by Tyrosine-Tyrosine Interactions The PLDs of the FET proteins contain very few arginine residues. This raises an important question: what are the amino acid motifs that drive phase separation of the PLD alone? The FUS PLD contains a large number of tyrosine residues, and a FUS PLD mutant lacking tyrosine residues could no longer phase separate ( Figure 5A ), confirming previous data . Therefore, the tyrosine residues in the PLD are likely involved in two types of interactions: they can either mediate networks of interactions among PLDs , or networks of interactions with arginine residues from RBDs. However, the saturation concentration necessary to drive phase separation based on tyrosinebased interactions alone is at least an order of magnitude higher than the saturation concentrations that are obtainable via networks of arginine-tyrosine based interactions ( Figures  2F and S2D ).
Electrostatic Interactions Tune the Protein Phase Behavior Next, we tested the roles of electrostatic interactions in phase separation by introducing 16 aspartates in FUS PLD. Unlike the wild-type PLD of FUS, which can be forced to phase separate in the presence of dextran, dextran could not drive phase separation of the variant with high negative charges ( Figures 5A and S5A ). However, in the presence of 30 mM RBD, the PLD with high negative charges showed robust phase separation for PLD:RBD ratios as low as 1:15 ( Figures S5C and  S5D ). TAF15 PLD variants showed similar behaviors ( Figures  S5E-S5G ). Therefore, while increasing the negative charges in the PLD reduces the phase separation of PLDs alone, it enhances phase separation mediated by interactions among the PLDs and the RBDs.
To test these ideas in vivo, we studied the recruitment of a variant containing 6 additional aspartates in the PLD. Remarkably, the recruitment of this variant to DNA damage sites was increased, suggesting that enhancing the interaction between the PLD and the RBD through additional electrostatic interactions also increases phase separation of FUS in living cells (Figures 5B, 5C, and S5B) . The effect on phase separation caused by addition of negative charges in the PLD supports regulation of FUS phase behavior by phosphorylation of serine residues in the PLD (Monahan et al., 2017) .
Taken together, our combined in vitro and in vivo results show that at least two levels of interactions govern phase The stress granule nucleator G3BP1 is absent from the 27R (DNLS) granules in the absence of stress. A stable HeLa cell line expressing C-terminal mCherry-tagged human G3BP1 was transfected with the plasmid expressing the GFP-tagged 27R (DNLS). Scale bar, 5 mm. (F) Addition of arginine residues and substitution of phenylalanine with tyrosine residues in hnRNPA1a PLD lower the saturation concentration. Phase separation assays were conducted at 150 mM KCl. The positions of tyrosine and arginine residues for each construct are indicated by green and red lines, respectively. All data are expressed as the mean ± SD. See also Figure S4 . separation of full-length FET proteins. First, interactions among networks of aromatic (mainly tyrosine) and positively charged (mainly arginine) residues govern the saturation concentration. Second, electrostatic repulsions inhibit non-productive selfinteractions of PLDs, whereas electrostatic attractions further enhance productive interactions among aromatic residues in the PLD and positively charged amino acids in the RBD (Figures 5D and 5E) . Our findings are consistent with results demonstrating a role for both complementary electrostatics and tyrosine-arginine interaction in complex coacervation of a high-complexity disordered protein (Lin et al., 2016; Pak et al., 2016) .
A Sequence Code Modulates the Material Properties of Condensates
Because FUS mainly consists of disordered regions, the theory of associative polymers (Rubinstein and Dobrynin, 1997; Semenov and Rubinstein, 1998 ) is of particular relevance for understanding the phase behavior of FUS. This theory predicts the phase behavior of polymers that interact through associative motifs called stickers. The stickers are separated from one another by spacers, which impart polymer flexibility and may weakly modulate the saturation concentration, but, unlike the stickers, the spacers are not major determinants of the driving forces for phase separation (Semenov and Rubinstein, 1998 Table S3. of FUS family proteins, the stickers appear to be tyrosine and arginine residues. To identify potential spacer regions within FUS family proteins, we analyzed the compositional biases within each of the full-length proteins with PLD-RBD architectures. Figures S6A and S6B summarize the results from this analysis. Glycine (G) is the most frequently occurring amino acid in 20 of the 22 protein sequences as shown in Figure S6A . Glycine-rich regions would be optimal spacers because of the conformational flexibility of the peptide bond (Brady et al., 2017; Wei et al., 2017) . Addition of a single methyl group in the side chain by substituting glycine for alanine would lead to a substantial reduction in the local flexibility of the polypeptide backbone (Ramachandran et al., 1963) . Consistent with its role as a spacer, substitution of glycine for alanine in FUS does not significantly affect the saturation concentration (Figures 6A, 6B, S6C, and S6D). However, a glycine to alanine (G/A) variant changes the fusion rate of two droplets by more than two orders of magnitude (Figures 6C-6E; Video S1) (for details, see the STAR Methods). This suggests that the glycine residues maintain the liquid-like nature of the drops, perhaps by increasing the flexibility of the molecules, although we cannot rule out the possibility that the increased hydrophobicity due to glycine to alanine substitution could lead to the formation of droplets with less dynamic.
Among the 22 protein sequences, serine is the second most abundant amino acid on average (Figure S6A) , and the contents of glutamine and glycine are negatively correlated ( Figure S6B) . Table S4 ). The inset shows the c sat values of full-length FUS and PLD in the presence of dextran ( Figure S2D ). (E) A hierarchy of interactions involving aromatic and charged residues governs the saturation concentration. See also Figure S5 .
As with the glycine to alanine substitution, the saturation concentration of a serine to alanine (S/A) variant and a glutamine to glycine (Q/G) variant did not change significantly. However, the hardening of the droplets slowed considerably. The (S/A) variant slowed hardening by a factor of two. More strikingly, the (Q/G) variant produced droplets that neither hardened nor underwent any morphological changes over 24 hr ( Figures  6F-6H ). Based on recent structural studies of the PLD (Murray et al., 2017) , glutamine residues could also be required for the formation of labile cross-beta sheets, and therefore it seems possible that this mutation prevents hardening by preventing the formation of such higher order structures.
DISCUSSION
In this work, we show that phase separation of FUS family proteins is governed primarily by interactions between tyrosine and arginine residues. Productive interactions among tyrosine and arginine residues are regulated by complementary electrostatic interactions involving negatively charged amino acids, which reduce self-interaction among the PLDs (Monahan et al., 2017; Murray et al., 2017) and promote interactions among the PLDs and RBDs. The material properties of condensates are governed by serine, glutamine, and glycine residues. These findings are summarized in Figures 7A and 7B . Taken together, our results provide a framework for developing a molecular grammar that governs phase separation of the FUS family proteins.
We have built on our understanding of the molecular grammar to design targeted mutations that modulate the phase behavior of proteins in cells. The relative ease with which we can modulate and independently tune the driving forces for phase separation and the material properties of FUS by mutation and the correspondence between in vitro and in vivo properties is remarkable Figure S6 and Video S1.
and unexpected. Our results suggest that it will be possible to use detailed structure-function analysis to analyze the role of phase separation in cells. Our experiments reinforce previous in vitro observations that isolated PLDs of the FET proteins have very different phase behavior than the full-length proteins (Burke et al., 2015; Han et al., 2012; Lin et al., 2015) . They further suggest interactions among the PLDs are unlikely to drive of phase separation in the full-length protein on their own, unless they are modulated by post-translational modifications. Supporting this idea, mutants in serine and glutamine that should disrupt cross-beta sheet interaction only marginally influence phase separation in vitro.
However, once a condensate is formed, the concentration of the FET proteins inside the condensate is greatly elevated. This could promote interactions among PLDs, leading to different types of structures, including the cross-beta sheets (Murray et al., 2017; Hughes et al., 2018; Luo et al., 2018) , which may provide further physiological functions to the liquid-like condensates, such as stimulating transcription (Kwon et al., 2013), or shutting down biochemical reactions (Berchowitz et al., 2015; Boke et al., 2016; Franzmann et al., 2018; Woodruff et al., 2018) . Because extensive PLD:PLD interactions only occur in the context of the condensate, any pathological interactions that then occur would be confined to that compartment, and this could be dealt with, for instance, by autophagy of the compartment itself. In this idea, cells use cross beta sheet interactions to form stable structures and deal with any pathological consequences by sequestering interactions among PLDs to the condensates. If true, this would be another example of a cell using phase separation to raise protein concentration and uncover new chemistry, as has been proposed for polymer dynamics and enzymatic reactions (Banani et al., 2017; Herná ndez-Vega et al., 2017; Shin and Brangwynne, 2017; Woodruff et al., 2017) . Further work in vivo using amino-acid substitutuions in full-length proteins will be required to understand the relative roles of tyrosine-arginine interactions and cross beta sheets in the formation of cellular condensates with different material properties.
Phase separation of FET proteins is derived from collective interactions among tyrosine residues in the PLD and arginine (A) Hierarchical organization that gives rise to formation of condensates depicted here as spherical droplets. Collective complementary interactions among the associative motifs, such as tyrosine and arginine residues, drive self-association, and electrostatic interactions play a modulatory role. The amino acid compositions of spacers, which are mainly enriched in glycine, glutamine, and serine residues, largely determine intra-condensate dynamics of proteins. While the saturation concentration is governed by a code of associating aromatic and charged residues (Figure 5E ), the spacers have little effect on the driving forces for droplet formation. (B) Material properties are controlled mainly by glycine, serine, and glutamine residues. Glycinerich spacers yield highly dynamic droplets by imparting flexibility onto the amino acid backbone. This is manifest as droplets that undergo rapid internal rearrangement and rapid macroscopic relaxation. The presence of serine and glutamine residues in spacers appears to reduce the internal rearrangements and relaxation, leading to the reduction of droplet liquidity of droplets. (C) Comparison of the inverse of the product of the numbers of tyrosine and arginine residues (ordinate) to the measured saturation concentrations (abscissa). The c sat values determined directly by measuring the supernatant concentrations were used (see Figure S1 ; Table S4 ). The measured numbers were fit to a model of the form c sat = k(n Tyr n Arg ) -1
. Here, n Tyr and n Arg denote the number of tyrosine and arginine residues, respectively. The only adjustable parameter in the fitting procedure was k, which places the valence on the same concentration scale as the experimental data. The fit shown here, which was performed on a logarithmic scale, uses a value of k = 6.5 mM. (D) Identifying potential scaffold proteins that could undergo phase separation at physiologically relevant concentrations. This figure includes a two-dimensional histogram quantifying the frequencies of the disordered regions with the specific number of tyrosine and arginine residues. Overlaid atop this histogram are contours showing the predicted values of saturation concentration (c sat ) in mM. The plot shows the locations, in terms of the number of tyrosine and arginine residues as well as the calculated values of c sat for proteins with predicted saturation concentrations that are on a par with the FET family of proteins. See also Figure S7 and Table S5. residues in the RBD. It is interesting that the same arginine residues in the RBD that are central to the phase separation of FET proteins are also important for RNA binding (Schwartz et al., 2013) . This suggests that RNA could regulate diverse aspects of phase separation by modifying the underlying molecular grammar. This could involve changes to the saturation concentration or the material properties of the formed condensates (Zhang et al., 2015; Maharana et al., 2018) . Future studies will have to investigate the exact role of the interplay between RNA-RBD interactions and PLD-RBD interactions, in regulating the phase behavior and pathological forms of FUS family proteins.
The role of tyrosine and arginine residues in driving phase separation of FUS family proteins provides support for recent studies that highlight the importance of cation-p interactions as drivers of phase separation (Nott et al., 2015; Pak et al., 2016; Lee et al., 2016; Boeynaems et al., 2017) . Our studies build on this work by showing that there is a clear difference between arginine versus lysine as well as tyrosine versus phenylalanine. The central distinction between arginine and lysine lies in the chemical structure of the cationic side chain. The electron cloud is delocalized across the planar guanidinium group of arginine (Gobbi and Frenking, 1993) . This enables specific directional preferences with aromatic moieties, such as tyrosine and phenylalanine. In contrast, interactions involving the amine in lysine should have weaker directional preferences (Burley and Petsko, 1988; Gobbi and Frenking, 1993) . Accordingly, arginine and lysine will not lead to equivalent interactions as cations. More generally, the molecular grammar described here refers to the FUS family proteins. However, there are numerous examples of non-prion-like intrinsically disordered regions that drive phase separation such as DDX4, LAF-1 and FIB1 (Elbaum-Garfinkle et al., Feric et al., 2016; Nott et al., 2015) . There are also examples in which self-assembly is mediated by hydrophobicity (Simon et al., 2017) , multivalent folded domains connected by flexible linkers (Banani et al., 2016) , a coupling of folded oligomerizing domains and disordered regions (Feric et al., 2016; Protter and Parker, 2016) , or coiled-coil proteins (Woodruff et al., 2017) . These differences could give rise to control of phase separation via specific sequence features, such as the creation of condensates with multiple phases as seen in the nucleolus and nuclear speckles, driving the formation of condensates with different identities (Fei et al., 2017; Feric et al., 2016) .
If the interactions among arginine and tyrosine residues govern the saturation concentration of FUS family proteins, then it should be possible to predict their approximate saturation concentrations by adapting mean field theories that use the numbers of arginine and tyrosine residues as inputs (Flory, 1941; Semenov and Rubinstein, 1998; Stockmayer, 1943) . Such theories predict that the saturation concentration should be inversely proportional to the product of the numbers of complementary stickers (for details, see the STAR Methods). In our case, the complementary stickers are tyrosine and arginine residues. Indeed, this simple model shows that the measured saturation concentrations for all twelve constructs are positively correlated with the inverse of the product of the numbers of tyrosine and arginine residues ( Figure 7C) . We used this model to predict the saturation concentration for a catalog of proteins whose domains have similar lengths to those of PLDs and RBDs of FUS family proteins ( Figures 7D, S7A , and S7B; Table  S5 ). These predictions identify interesting new proteins that may provide key scaffolding functions for numerous biochemical compartments inside cells.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
HeLa Kyoto cells (female) were grown at 37 C and 5% CO2 in DMEM high glucose (4.5 g/L) medium supplemented with 100 U/mL streptomycin, 100 ug/mL penicillin and 10% fetal bovine serum. The cells were authenticated.
METHOD DETAILS Domain and disorder prediction
The prion-like domains and the intrinsically disordered regions were identified using the PLAAC (http://plaac.wi.mit.edu/) (Lancaster et al., 2014) . The minimal contiguous prion-like domain length for the hidden Markov model (HMM) was set to 60 and the background frequencies from S. cerevisiae was set to 100%. The boundary of the prion-like domains of FUS, EWSR1 and TAF15 were slightly modified according to the distribution of the charged residues. To identify the structured regions, we adopted distinct method according to different situations. If the structures of the indicated domains are available in PDB (https://www.rcsb.org/), the domain boundaries shown in the structures are used; if not, the domain boundaries are predicted by SMART (http://smart.embl-heidelberg.de/) or NCBI conserved domain (https://www.ncbi.nlm.nih. gov/Structure/cdd/wrpsb.cgi). In the cases that the homolog structures of certain domains are available, the domain boundaries are further optimized by structure-based sequence alignment.
Intrinsically disordered regions were identified using MobiDB-lite (Necci et al., 2017) and sequences were analyzed using local-CIDER . MobiDB-lite provides a sequence-specific meta-prediction based on a number of independent disorder predictors. For a residue to be defined as disordered, three or more predictors (of 8) must predict a residue to be disordered. This is a relatively permissive threshold for identifying putative disordered regions, but is able to accurately identify the PLDs, which a number of disorder predictors fail to correctly designate as disordered.
Plot of domain structures / normalized occurrences
The domain structures of the proteins were generated using Illustrator for Biological Sequences (IBS) (Liu et al., 2015) . To plot the normalized occurrences of distinct residues in the intrinsically disordered regions or the prion-like domains of FUS family proteins, the number of each residue in a given sequence was counted and divided by the length of the sequence. The value was further divided by the number of FUS family proteins. A color gradient was used to indicate the normalized amino acid occurrences.
Constructs, protein expression and purification
The construct information is listed in Table S1 . We adopted different purification strategies depending on the intended purposes. For a screen purpose, we purified proteins in small scale; while for normal experiments, we purified the proteins in large scale.
For large-scale purification, all the proteins were first expressed in SF9 insect cells and harvested 72 hr post infection. Cells were collected by centrifugation for 5 min at 2,000 rpm. The pellets were re-suspended in lysis buffer (50 mM Tris-HCl pH 7.4, 1 M KCl, 5% Glycerol and 10 mM Imidazole). Protease inhibitors (Calbiochem, 1 mM PMSF, 100 mM AEBSF, 0.08 mM Aprotinin, 5 mM Bestatin, 1.5 mM E-64, 2 mM Leupeptin and 1 mM Pepstatin A) were added. The cells were lysed by sonication. The crude lysate was clarified by centrifugation for 20 min at 13,000 rpm. After centrifugation, the supernatant was incubated with Ni-NTA agarose (QIAGEN) for 1 hr. The agarose beads were collected by centrifugation for 5 min at 1,500 rpm and were transferred to the gravity columns. The protein-bound beads were further washed with 3 column volumes (CV, 1 CV = 20 mL) of lysis buffer. The proteins were eluted with the elution buffer (50 mM Tris-HCl pH 7.4, 1 M KCl, 5% Glycerol and 500 mM Imidazole). To cleave the His-MBP tag, 3C prescission protease was added to the eluted protein at a 1:50 ratio. The mixture was incubated at RT for 4 hr and was loaded to the amylose resin (NEB) columns. The flow through was collected and concentrated. The protein was further purified over the gel filtration chromatography (Superdex-200; GE Healthcare) equilibrated with storage buffer (50 mM Tris-HCl, 500 mM KCl, 1 mM DTT and 5% Glycerol). Peak fractions were pooled and aliquoted in PCR tubes, flash-frozen in liquid nitrogen and stored at À80 C. Unless specifically mentioned, all the proteins used in this study were purified in this way.
In certain cases, we did small scale purification. We followed the same protocol up to the step in which the proteins were eluted from Ni-NTA agarose. The eluted proteins were then directly purified over the gel filtration chromatography equilibrated with storage buffer (50 mM Tris-HCl pH 7.4, 500 mM KCl, 1 mM DTT and 5% Glycerol). A tag cleavage step wasn't included in the small-scale purification. Peak fractions were directly pooled and aliquoted in PCR tubes, flash-frozen in liquid nitrogen and stored at À80 C. The His-MBP tag was cleaved off before the phase separation experiments to generate the proteins linked to GFP tag alone. Protein concentration was determined by measuring absorbance at 280 nm using a NanoDrop ND-1000 spectrophotometer (Thermo Scientific) before cleavage.
To visualize the SNAP tagged proteins, the proteins were mixed with SNAP-Surface Alexa Fluor 546 or 488 (NEB) at a 1:1.5 ratio at RT for 2 hr. Free dye was further removed by Zeba Spin Desalting Columns (Thermo Scientific, Lot # QH222764) equilibrated with the storage buffer.
Image collection
For the in vitro assays, images were taken using an IX71/IX81 inverted Spinning Disc Microscopes with an Andor Neo sCMOS/Andor Clara CCD camera and an UPlanSApo 60x oil-immersion objective or 100x oil-immersion objective (Olympus). To check the localization of FUS variants and G3BP1 in vivo, images were taken with an inverted Olympus IX71 microscope using 60x 1.42 NA or 100x 1.4 NA Plan Apochromat oil objectives, CoolSNAP HQ camera (Photometrics), and DeltaVision control unit (AppliedPrecision). To quantify the formation of FUS granules and the partition coefficient of FUS variants in stress granules, high-throughput imaging technique was used. The images were collected by a Yokogawa CV7000 high-content spinning disk confocal microscope equipped with a 60x 1.2 NA water immersion objective. Cells were fixed before imaging.
Phase separation assays
For droplet formation in the absence of crowding agents, proteins were diluted into various concentrations in the corresponding buffers in a total solution volume of 20 mL. For droplet formation in the presence of crowding agent, proteins at the indicated concentrations were tested for phase separation in buffer containing 10% Dextran, 25 mM Tris-HCl 7.4, 150 mM KCl, 2.5% Glycerol and 0.5 mM DTT. The samples were added into the 384 well non-binding microplates (greiner bio-one). The images were taken after all the droplets had settled down to the bottom of the plate. For the assays in Figure S1A , the MBP tag was cleaved off before the experiment. All the assays in other figures were done with proteins tagged with either GFP or SNAP alone. To avoid the effect of the fluorescent tag on phase separation, the fluorescent tag is always positioned on the opposite side of the PLD (see also Table S1 ). Note that the fluorescent tag has minimal effect on the phase separation of the full-length protein (Figures S1G-S1I ).
Analysis for tyrosine and arginine number within the disordered regions The analysis was performed on disordered regions extracted from the complete non-redundant human proteome with a threshold of 650 or fewer disordered residues in a given protein (96% of proteins).
Determination of the saturation concentration
In the first method, we used microscopy to measure the fluorescence intensity and determine the total protein amount inside and outside the droplets. In the second method, we measured the turbidity of the solution at 340 nm or 450 nm. Phase separation will induce a significant change in the absorbance at these wavelengths. In a third assay, we used a centrifugation approach, in which we phase separated the samples at the indicated salt concentration, spun down the droplets and measured the concentration in the clarified supernatant by determining the fluorescence intensity or using a spectrophotometer NanoDrop. All assays produced comparable results.
Client partitioning assays 10 mM unlabeled FUS-SNAP, 200 nM SNAP-Surface Alexa Fluor 546 labeled FUS-SNAP, and 1 mM GFP tagged client proteins were mixed and incubated in 15 mM Tris-7.4, 0.3 mM DTT, 1.6% Glycerol and 150 mM KCl. The images were taken after all the droplets settled down to the bottom of the plate. 19 out of 22 FUS family proteins were classified as clients according to their ability to undergo phase separation at the physiological salt concentration ( Figure S1A ). 12 out of 19 clients were able to partition into the scaffold droplets formed by FUS. Partition coefficients for the 12 clients were determined. The plot shows the partition coefficient versus tyrosine and arginine number of the clients. A straight line was used to fit the data points.
Hardening assays
To estimate the material properties of different FUS mutants, controlled fusion experiments with phase separated FUS droplets were performed using a dual-trap optical tweezer instrument (Jahnel et al., 2011; Patel et al., 2015) . Freshly formed droplets by 7.5 mM FUS variants in the phase separation buffer containing 10 mM Tris-HCl 7.4, 2% Dextran, 10 mM DTT, 100 mM KCl, and 1% Glycerol were applied to the sealed glass flow chambers (24 mm x 60 mm x 0.1 mm). Two droplets were trapped in two optical traps and brought into contact to induce droplet fusion.
Fusion times of successful fusion events were measured from the differential laser signal between the two traps (recorded throughout at 1 kHz) by fitting a stretched exponential relaxation model with decay time t_st and stretch exponent b:
The mean relaxation time, t, -also denoted as fusion time in the main text -was extracted from the fitted stretched exponential decay function according to:
with G(.) being the Gamma function. Note that b = 1 corresponds to the decay constant of a single exponential decay. Median stretch exponent of all fitted data (N = 63) was 1.69 (IQR = 1.30 -2.05). The radii of all droplets before fusion were extracted from bright-field images using custom written Python scripts for image processing and the geometric radius of two droplets was used to normalize the obtained fusion times.
Successful and unsuccessful droplet fusion events were recorded over time since the induction of phase separation and the resulting curve was fitted with a logistic regression model in R.
In Figure 6C , the assays were done with the freshly formed droplets. Mean relaxation times of recorded fusion events were scaled by characteristic droplet size. G/A droplets (magenta, N = 9) fuse at least 2 orders of magnitude slower than WT droplets (green, N = 55) (log-scale, p < 1eÀ5, Wilcoxon-Mann-Whitney test). Size-normalized median fusion times for the freshly formed droplets of G/A and WT are 32.9 s/mm (IQR = 15.7 -54.6 s/mm) for G/A and 0.093 s/mm (IQR = 0.081 -0.176 s/mm) for WT, respectively.
In Figure 6D , fusion was monitored over time and was scored successful (1) or not (0) according to whether the resulting droplet relaxed to approximately spherical shape within 2 min. G/A droplets (magenta, closed symbols, N = 50) solidified after 27 ± 9 min (logistic regression, 95% confidence) whereas WT droplets (green, open symbols, N = 118) remained fluid for the whole experimental time (2 h).
In Figure 6E , to test how glycine residues affect droplet liquidity, still images (see also Video S1) of controlled fusion experiments at different time points were taken using dual-trap optical tweezers. 40 min after phase separation, droplets formed by G/A mutant did not fuse anymore, while the fusion dynamics of FUS WT did not change within 2 h. Collecting several droplets formed by G/A mutant resulted in a large gel-like assembly.
Fiber formation assays
To check the effect of distinct residues on fiber formation, 20 mL freshly formed droplets by 7.5 mM FUS variants in the phase separation buffer containing 10 mM Tris-HCl 7.4, 100 mM KCl and 1% Glycerol were added into the 384 well Non-binding microplates. To induce fiber formation, the plate was shaken at 800 rpm on a benchtop shaker at RT. The images and the FRAP data were acquired at different time points. It should be noted that, due to temperature fluctuation, the stock solution of FUS and certain mutants immediately underwent phase separation after being freshly thawed. The process was reversible since the solution turned transparent when the temperature reached RT. However, temporary phase separation induced by freeze and thaw could generate some fiber seeds. With those preformed seeds in the solution, the time-dependent transition of droplets into fibers could be affected (Murakami et al., 2015) . To evaluate the effect of distinct residues precisely and avoid or minimize the effect of the preformed seeds on fiber formation, we took advantage of the MBP tag. It was shown that the N-terminal MBP tag can suppress phase separation of FUS (Burke et al., 2015) . Indeed, we have not observed a long turbid state for the stock of the N-terminal MBP tagged FUS variants after thawing. Further aging experiments were done by freshly cleaving off the MBP tag before the aging-related experiments. FUS proteins in presence of freshly cleaved MBP tag have slightly increased phase separation ability compared to preparations from which the MBP tag was separated by gel filtration. This is probably due to the crowding effect of MBP. However, even in the presence of the free MBP tag, FUS variants showed distinct phase behavior and these differences were comparable to those observed with the proteins separated from MBP tag. This suggests the free MBP tag only has a minor crowding effect. The concentrations of the free MBP tag and prescission protease in the samples were 7.5 mM and 500 nM, respectively.
Prediction of potential scaffold proteins
In Figure 7D , shown is the application of the model from Figure 7C in a proteome-wide analysis. The analysis was performed on disordered regions that were extracted from 13,354 proteins in the human proteome, as in Figure 2C . The figure shows two sets of data. This figure includes a two-dimensional histogram quantifying the frequencies of the disordered regions with the specific number of tyrosine and arginine residues. Overlaid atop this histogram are contours showing the predicted values of saturation concentration (c sat ) in mM. The values of c sat decrease with increasing numbers of tyrosine and arginine residues. The plot shows the locations, in terms of numbers of tyrosine and arginine residues as well as the calculated values of c sat for proteins with predicted saturation concentrations that are on a par with the FET family of proteins. These predictions enable the identification of disordered regions that are likely to be scaffold molecules that undergo phase separation at physiologically relevant concentrations (Table S5 ). The top 10 prion-like proteins ( Figure S7B ) predicted to have the lowest saturation concentration are shown.
Fluorescence Recovery After Photobleaching (FRAP)
Droplets formed in vitro were photo-bleached with a spot 2 mm in diameter and the recovery of fluorescence intensity within the region of interest was obtained for each experiment. The recovery was recorded at the rate of 100 ms/frame. in vivo FRAP was performed at pixel resolution of x = 80 nm and y = 80 nm by a 100x oil immersion objective mounted on Olympus IX71/IX81 inverted confocal microscope with Andor spinning disc and Andor iXon EMCCD camera. Point bleach was performed for approximately 20 ns with 50%-60% of maximum laser power of a 488 nm laser (3.5 mW). The recovery was recorded at the rate of 50 ms/frame for 50 s. The FRAP data were analyzed by easyFRAP.
DNA damage data acquisition and analysis
The indicated FUS variants were transfected into the FUS knock out HeLa cell line. DNA damage was induced by focusing 15 Hz cutter laser with 365 nm and 405 nm dye cells (MicroPoint laser Illumination and ablation system) on a spot in the nuclei using the minimum laser power required to induce FUS-GFP variant positive foci without disrupting nuclear morphology. Images were captured on a spinning disc microscope with inverted Olympus IX71 stand and Andor iXON EM+ DU-897 BV back illuminated EMCCD using Olympus UPlanSApochromat 100x 1.4 Oil objective. For comparison, only the cells with the similar expression level of FUS variant were selected for the DNA damage assay. The changes in the fluorescence intensity at the DNA damage sites was analyzed using FIJI. Fluorescence intensity plots are generated from 8 or more cells per genotype with error bars representing standard errors of the mean. All the data points were normalized such that 0 corresponed to the lowest point of the dataset and 1 represented the maximum intensity of the WT.
BAC constructs and cell lines
Stable HeLa cell line expressing C-terminal mCherry tagged human G3BP1 were generated by random integration into the genome via BAC recombineering technology, as previously reported (Poser et al., 2008) . The cell line was kept under selection in Blasticidin (Life Technologies, 2 mg/ml).
Cell transfection and arsenate stress 50,000 indicated cells were plated in each well of 4 well 3.5 cm 2 glass bottom culture plates (Greiner Bio-One, catalog # 627870) two days before imaging. After 24 hr of plating the cells, plasmids expressing FUS-GFP variants were transfected using Lipofectamine 2000 (Life technologies), according to the manufacturer's recommendations. The cells were washed with fresh cell culture medium the next day after transfection and imaged at 37 C and 5% CO 2 . For the stressed condition, 1 mM sodium arsenate in culture media (diluted from a 100 mM stock solution, Sigma-Aldrich) was added to cells one hour before imaging.
Theoretical model A Mean-field theory for networking of multivalent polymers with complementary pairs of associative motifs is used. The mean-field model we deploy in this work considers a solution of linear multivalent polymers, each with two types of associative motifs. The size of each motif is identical to that of an individual amino acid unit. We denote the motifs as Y and R for tyrosine and arginine. The interaction energy for a pair of Y and R residues may be written as εk B T. Here, ε is a scaling parameter, k B is Boltzmann's constant, and T is temperature. Each chain has n Y tyrosine and n R arginine residues separated by spacers. The concentration of residues is c and the number of polymers is: N pol = (cV / N) where N is the number of residues and V is the system volume. The number of interacting motifs of type i, where i is either Y or R, is given by:
If the number of Y-R pairs is N pairs , then the fraction of associated motifs of type i is:
Following Semenov and Rubinstein, we separate the free energy of the system into two parts (Semenov and Rubinstein, 1998) :
Here, F null is Flory's expression for the free energy of non-associative polymers. In terms of the two-and three-body interaction coefficients viz., a 2 and a 3 , respectively this is written as:
The term F motif is a distinct mean-field term that accounts for contributions from interacting motifs and is written in in terms of the partition function Z motif as:
Here,
Equation (6) is written in terms of U, which denotes the number of unique ways of choosing N pairs of associative motifs out of n Y Y-motifs and n R R-motifs and w is the probability that the associative motifs are close to one another in order to form bonds with their partners. This implies that the bonds themselves are short-ranged. Accordingly,
Here, v b is the volume taken up by a single bond between associative motifs. The combinatorial parameter U is a product of the (i) the number of different ways of choosing n pairs out of n Y Y-motifs, (ii) the number of different ways of choosing n pairs out of n R R-motifs, and (iii) the number of different ways of forming n pairs of Y-R motifs. Therefore, the overall free energy expression takes the form:
Minimization of F with respect to n pairs yields:
As in the Flory-Stockmayer theories (Flory, 1941; Stockmayer, 1943) , we assume tree-like clusters with no closed loops. Given this structure for the network formed by polymers with associative motifs, the gel point is defined as the point where a single polymer is connected to exactly two neighbors. Through a further simplification, we assume the absence of intramolecular interactions. These simplifications lead to the finding that: (n pairs / N pol ) z2 at the gel point. Combining this with Equations (1) and (9) and making one last assumption that N[v b exp(ε)] -1 >> 1, which holds for sufficiently weak interactions that allow us to ignore higher order terms, we obtain the concentration at the gel point, our proxy for the saturation concentration, to be:
QUANTIFICATION AND STATISTICAL ANALYSIS
Images were analyzed with FIJI (http://fiji.sc/), origin 7 (OriginLab) and Sigmaplot (Systat Software). All data are expressed as the mean ± the standard deviation (SD).
To plot the relative amount of condensed protein versus the protein concentration, a mask of the droplets is built by thresholding the images and applying a median filter to remove spurious noise detection. Median filter window radius is equal to 2 pixels. The threshold is determined in the same way for each condition as the mean intensity of the background plus k times the standard deviation of the background. This way the threshold is well defined even if no droplets are present in the image. The background signal appearing as a sharp peak in the images histogram, background mean, and standard deviation are estimated by the maximum and standard deviation of this peak. The user parameter k was set to the value 3 at the beginning of the analysis. The integrated intensity inside the droplet, Idroplet, and outside, Imedia, is measured by summing, respectively, the intensity of each pixel inside, outside the droplet mask. If no droplets appear, the ratio is set to 0. In case of non-zero camera offset, an image can be acquired with shutter closed and its average intensity removed from each pixel contribution.
To plot the relative amount of condensed protein versus the protein concentration, we first measured the amount condensed protein for a certain candidate. The amount condensed protein for a given candidate under a certain concentration is defined by the ratio of Idroplet to Imedia. To normalize this value, we measured the amount condensed FUS under different protein concentrations in the same buffer condition to find the maximal amount condensed FUS. The relative amount condensed protein for a given candidate is defined by the ratio: amount condensed candidate under distinct protein concentration / the maximal amount condensed FUS.
The measured datasets for the relative amount of condensed protein versus the protein concentration were fitted by the following equation:
where f is the relative amount condensed protein, and x is the corresponding protein concentration.
To analyze the partition of clients into FUS droplets, we report the average intensity of the client proteins in the droplet versus the bulk solution after background subtraction for individual droplet (Partition coefficient).
To analyze the in vivo granules, the image analysis consisted of four steps: 1) semi-automatic segmentation of cell cytoplasm, 2) local maxima detection to determine granules positions, 3) segmentation of the granules using region growing and 4) signal readout for the different derived regions of interest (ROI). All the steps were performed in the ImageJ/Fiji software. In detail, threshold-based segmentation of the nuclei in the first channel was performed using the default threshold. Afterward, the cytoplasm was segmented in the second channel. Then, all pixels being marked as part of the nuclei were removed from the cytoplasm ROIs. Finally, the user had the chance to manually correct the segmentation. Detection of the granules was performed using the built-in method for local maxima detection. These point positions were then allocated to the cytoplasm segmentations derived before. Afterward, every granule is segmented using a region growing approach starting at the local maximum position including all pixels where the intensity is above a certain threshold. This threshold was calculated by summing average signal intensity within the cytoplasm and the signal intensity at the detected local maximum and dividing the sum by two. Finally, signal intensities as well as pixel counts were derived from the cytoplasm ROI, all granule ROIs and the cytoplasm ROI excluding all granule ROIs. (E) The RBD of EWSR1 significantly promotes phase separation of the PLD. The assays were conducted at 75 mM KCl with 15 mM proteins in the absence of crowding agent. The PLD and RBD were mixed at a ratio of 1:1. Bar, 5 mm. (F) Tyrosine residues in PLDs and arginine residues in RBDs contribute to co-phase separation. Phase separation assays were performed at 75 mM KCl. All data are expressed as the mean ± the standard deviation (SD). (G-I) Representative images for the quantification in Figures 2B, 2D, 2E , and S2E. Phase separation assays were conducted at 75 mM KCl. Bar, 5 mm. (D and E) TAF15 RBD with tyrosine and arginine embedded into each other has a low saturation concentration similar to that of the full-length protein. Phase separation assays were conducted at 100 mM KCl. (D) , phase separation of TAF15 fragments at the indicated protein concentrations. Bar, 5 mm; (E), phase separation described by the relative amount of condensed protein versus the protein concentration. The saturation concentration is indicated by a red arrow. All data are expressed as the mean ± the standard deviation (SD). (F and G) Decreasing the number of tyrosine or GGY [G/S] GDR repeats increases the saturation concentration. The positions of 19 GGY[G/S]DR repeats are indicated by the white triangles. The yellow triangle represents that the tyrosine residues inside the repeat are mutated to serine residues. Phase separation assays were conducted at 100 mM KCl. (F) , phase separation of TAF15 RBD mutants and fragments at the indicated protein concentrations. Bar, 5 mm; (G), phase separation described by the relative amount of condensed protein versus the protein concentration. All data are expressed as the mean ± the standard deviation (SD). Figure 4B . Phase separation assays were conducted at 75 mM KCl in the absence of crowding agents. Bar, 5 mm. (C and D) Addition of negative charges promotes co-phase separation of FUS PLD and FUS RBD. WT FUS PLD has a low content of negative charges (4 aspartic acids/glutamate acids). Indicated amount of FUS PLD variant was titrated into 30 mM FUS RBD in the absence of crowding agents at 75 mM KCl. All data are expressed as the mean ± the standard deviation (SD). Bar, 5 mm.
Supplemental Figures
(E) Substitution of aspartate and glutamate residues with glycine restores tyrosine-tyrosine interactions and leads to phase separation of TAF15 PLD in the presence of crowding agents. Phase separation assays were conducted in the absence or presence of 10% dextran at 150 mM KCl. Top, TAF15 PLD did not undergo phase separation even in the presence of 10% dextran; middle, replacement of aspartate and glutamate residues with glycine residues enables phase separation of TAF15 PLD in the presence of dextran; bottom, phase behavior of a TAF15 PLD variant with tyrosine residues mutated to serine residues. The positions of tyrosine and aspartate residues are indicated by green and yellow lines. Bar, 5 mm. (F and G) Reduction of negative charges decreases co-phase separation of TAF15 PLD and FUS RBD. The wild-type TAF15 PLD has a high content of negative charges (20 aspartic acids/glutamate acids). Indicated amount of TAF15 PLD variant was titrated into 30 mM FUS RBD in the absence of crowding agents at 75 mM KCl. All data are expressed as the mean ± the standard deviation (SD). Bar, 5 mm. Figure 5B . Phase separation assays were conducted at 75 mM KCl. Bar, 5 mm. 1e-3 2e-3 5e-3 1e-2 2e-2 5e-2 1e-1 2e-1 5e-1 Table S5 ). The absolute occurrence represents the absolute number of the indicated residues, whereas the normalized occurrence reflects the number of the indicated residues normalized by the sequence length (see Method Details). We used the absolute occurrence rather than the normalized occurrence for tyrosine or arginine residues since the saturation concentration is largely determined by the absolute numbers of tyrosine and arginine residues. The names of the proteins tested to be capable of phase separation in this study are colored in blue. 
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